A joint study incorporating multinuclear solid-state NMR spectroscopy and first-principles calculations has been performed to investigate the local structure and dynamics of the protonic conductor CsH(PO 3 H) in the paraelectric phase. The existence of the superprotonic phase (>137 o C) is clearly confirmed by NMR, in good agreement with the literature. The variabletemperature 1 H, 2 H and 31 P NMR data further reveal a distribution of motional correlation times, isotropic rotation of the phosphite ion being observed below the superprotonic phase transition for a small but gradually increasing subset of anions. This isotropic rotation is associated with fast local protonic motion, the distribution of correlation times being tentatively assigned to internal defects or surface absorbed H 2 O. The phosphite ion dynamics of the majority slower subset of phosphite ions is quantified through analysis of variable-temperature 17 O spectra recorded from 34 to 150 ºC, by considering a model for the pseudo C 3 rotation of the phosphite ion around the P-H bond axis below the phase transformation. An extracted activation energy of 0.24 ± 0.08 eV (23 ± 8 kJ mol -1 ) for this model was obtained, much lower than that reported from proton conductivity measurements, implying that no strong correlation exists between long range protonic motion and C 3 rotations of the phosphite. We conclude that proton conduction in CsH(PO 3 H) in the paraelectric phase is governed by both the activation energy for exchange between donor and acceptor oxygen sites, rotation of the phosphite units, and the lack of isotropic rotation of the phosphite ion. Surprisingly, coalescence of 17 O NMR resonances, as would be expected for rapid isotropic reorientations of all phosphite groups, is not observed above the transition. Potential reasons for this are discussed.
Introduction
Fuel cells that function in the intermediate temperature range of 200 -600 ºC have been widely recognized as important technologies in a sustainable energy future because of their potential for efficient conversion of chemical to electrical energy under conditions that circumvent the need for costly auxiliary components. [1] [2] [3] Achieving fuel cell operation under such conditions requires the availability of appropriate electrolytes. Cesium dihydrogen phosphate (CsH 2 PO 4 or CDP)
with a proton conductivity of ~2  10 -2 S·cm -1 at 233 °C 4 is attractive in this regards, and substantial technological progess in CDP-based fuel cells has been made in recent years. 5 Nevertheless, development of electrolytes with even more favorable characteristics would provide advantages, an outcome that can result from a fundamental understanding of the origins of high protonic conductivity in CDP and related materials. Like CDP, the compound CsH(PO 3 H) (cesium hydrogen phosphite or CHP) is a solid acid compound and displays an analogous transition to a high temperature, high conductivity crystalline phase with extreme structural disorder. Study of the phosphite polyanion, with its favorable characteristics for nuclear magnetic resonance (NMR) spectroscopy, creates an opportunity to understand the origins of high protonic conductivity in this important class of materials. With this objective in mind, we use a combined experimental and first-principles NMR study of CHP, using both static and magic angle spinning (MAS) methods, to examine the local structure and dynamics of this material upon transition from the paraelectric phase (that adopted under ambient conditions) into the high temperature phase. The proton and anion dynamics are compared to our earlier results for CDP. 6, 7 2 Background
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At room temperature, CHP crystallizes in a monoclinic phase 8 of space group P2 1 /c. This structure, Figure 1 , has two crystallographically distinct cesium atoms and two hydrogen phosphite ions (HPHO $ % ). Each atom of the structure resides on a general position, resulting in eight molecular units per unit cell (Z = 8). The tetrahedral corners of the phosphite groups are defined by one hydrogen atom, forming a direct P-H bond, and three oxygen atoms. Of the oxygen atoms, two are involved in hydrogen bonds, with one serving as the donor in such a bond and one serving as an acceptor. Thus, each vertex is chemically distinct. The P-H bond in the phosphite is presumably much more covalent than the P-O bonds. Moreover, whereas in CDP ionic charges of P 5+ , O 2-and H + result in a charge balanced formula, in CHP one can either consider the P to be P 3+ forming a direct bond with H + , or to be P 5+ forming a direct bond with H -.
This chemical difference can be expected to give rise to difference in the NMR chemical shifts relative to CDP. The two crystallographic types of phosphite groups in CHP are linked in the structure in alternating fashion via the hydrogen bonds, forming chains described according to [P1-O3-H2···O5-P2-O6-H4···O2] n , where O3 and O6 are the donors and O2 and O5 are the acceptors. 8 Hereafter the H2 and H4 atoms are referred to as the acidic protons, and the H1 and H3 species directly bonded to P atoms are termed protons without reference to their actual (unknown) oxidation states.
Although both the structure and chemistry of CHP and CDP differ significantly at room temperature, both compounds adopt the CsCl structure type at high temperature with the pseudo tetrahedral polyanion group disordered over six possible orientations, a surprising configuration for the phosphite unit given its lower symmetry. 9-11 The transformation to the cubic phase, known as a superprotonic transition as a result of the accompanying increase in conductivity by several orders of magnitude, occurs at 137 ºC in CHP, 9,12 somewhat lower than the transition temperature 5 of 228 °C in CDP. 13 The conductivity of superprotonic CHP is somewhat lower (3  10 -3 S·cm intensities, was found to be relatively small. The compound CHP is hygroscopic and therefore all pristine and isotopically-enriched compounds were stored and packed into rotors for the NMR experiments in dry argon atmosphere to minimize the contact with humidity. Formation of the target phase was confirmed in all cases by PXRD, Figure S1 (Panalytical Empyrean X-ray diffractometer, Cu Kα radiation), with no impact from the isotopic enrichment. was employed, and core-valence interactions were described by ultrasoft pseudopotentials. 24, 25 Calculations were performed using a planewave energy cut-off of 60 Ry (816 eV) and integrals over the Brillouin zone were obtained using a k-point spacing of 0. 29 ). Prior to calculation of the NMR parameters, the experimentallydetermined structure was geometry-optimized using a cut-off energy of 50 Ry (680 eV) and kpoint spacing of 0.04 Å -1 . Unit cell parameters and atomic coordinates were allowed to freely vary; the approximate symmetry of the final structure was found to be consistent with the P2 1 /c space group of the original crystallographic arrangement. species. Specifically, the calculated positions (see Table S2 ) are -5.7 and -7. to averaging effects due to small motions at room temperature, which the 0 K calculation does not treat.
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Results
Insight into the room-temperature structure of CsH(PO
The 31 P static NMR spectrum collected with 1 H decoupling is dominated by the resonance at d iso = -6.7 ppm (Figure 2c ; also see further details in Table S2 ). Using a single 31 the resonances of the donor oxygen atoms being located at a frequency lower by about 50 ppm than those of the acceptors. However, the 17 O shift values in CHP are substantially higher than those in CDP, for example by 40 ppm in the case of the donor oxygen atoms. 7 This difference is likely a result of differences between the electronic structures of the PO 3 H and PO 4 anions, which in turn, affect the chemical shielding of each oxygen site. 35 The experimental spectrum has been fit to extract the NMR parameters, as summarized in 35 However, the fits to the O3/O6 site were poor, resulting in large errors for the C Q and η Q values for this species. The poor fit obtained with a single set of 17 O NMR parameters for this site, (Figure 2d ), may be due to either a motional process, a spectral distortion due to the use of a DFS enhancement resulting in non-uniform excitation, or the presence of different local environments due to defects and/or slightly different quadrupolar parameters/chemical shifts for the two crystallographic O3/O6 sites.
In sum, the room-temperature NMR spectra are generally consistent with the DFT computed spectra based on the geometry optimized 0 K structure. Significantly, the analogous chemical environments within the two similar, but crystallographically-distinct, phosphite units in the crystal structure are not experimentally resolved. The calculations indicate that the resonances are either so close in frequency that they overlapped ( 1 H and 17 O), or suggest that the sites cannot be distinguished due to motional effects ( 31 P). Figure 3 shows the variable- Variable-temperature 2 H MAS NMR spectra (see Figure S3 and Table S5) ppm at 141 °C, while the peak furthermore sharpens and grows substantially. In parallel, the intensity of the acidic proton peak diminishes. The coexistence of acidic proton and highly mobile proton peaks again suggests the presence of a distribution of proton dynamics in the paraelectric phase. The protonic (deuteron) motion is evidently too slow to affect the 2 H line shape (≃ 100 kHz) and therefore only qualitatively establishes an upper limit of protonic motion in the paraelectric phase of CHP.
Proton dynamics: variable-temperature 1 H and 2 H NMR
Anion dynamics in the paraelectric phase: variable-temperature 31 P and 17 O NMR
The variable-temperature 31 P static NMR spectra and extracted parameters are presented in Figure 4 and Figure 4a , the spectra exhibit a composite line shape composed of a broad pattern arising from the CSA and a sharper resonance described by a Gaussian/Lorentzian line shape, as shown in (ii) of Figure 2c . The same features are observed across the whole temperature range of the paraelectric phase. Upon heating, the span of the 31 P CSA remains unchanged (as observed in our previous study of CDP 6 ), but the intensity of this CSA-broadened component gradually decreases. Simultaneously, the sharp resonance gradually increases in intensity and shifts from 5. MAS NMR spectroscopy (a transition temperature between 135 and 150 ºC).
The variable-temperature 31 P spectra obtained without 1 H decoupling are shown in Figure   4b . The room-temperature line shape is dominated by 31 These changes in the 31 P line shape in the paraelectric phase of CHP indicate a significant distribution of phosphite motional rates, consistent with the distribution of correlation times for proton motion in the 1 H NMR spectra ( Figure 3 ). The CSA-broadened rigid component ( Figure   4b ) must result from coordination of the phosphorous by a set of anions (three oxygen atoms and one hydrogen atom) that do not undergo isotropic motion on the order of, or faster than, the NMR timescale probed in this experiment, which is in this case, the size of the 31 P CSA (~15 kHz at 8.45 T). Three-fold rotation about the P-H bond is possible, but rotation about the P-O bonds is not, because this would result in an exchange between P-O and P-H bonds; such motion would induce a reduction in 1 H-31 P dipolar coupling and thus line narrowing. In contrast, the narrower (Gaussian/Lorentzian) resonance in the paraelectric phase is tentatively attributed to phosphite ion rotation about all four P-X bonds of the tetrahedral ion, given its similarity to the 15 resonance observed in the superprotonic phase (Table S6) . Furthermore, isotropic reorientation of the phosphite group can account for a reduction in the 1 H-31 P dipolar coupling as observed. At room temperature the sharp resonance, observed with a relative fraction of 7 % (Figure 2c ), is noticeably broader (Δν 1/2 = 3.4 kHz) and more shifted to higher frequency than that detected at higher temperatures. Therefore, it is unclear whether the motional processes that give rise to the sharp resonance at ambient temperature are the same as those giving rise to this feature at higher temperatures.
The behavior of CHP found here contrasts that of CDP. In our previous NMR study we observed a single lineshape in the 31 P spectrum of this phosphate system, which displayed a decrease in 1 H-31 P dipolar coupling effects upon heating, ascribed to proton dynamics, but minimal change in the CSA. We were further able to isolate phosphate ion C 3 rotations about the P-OH bond (occurring at high rate) from other types of rotations (occurring at lower rate). 7 Because protons are not directly bonded to phosphorous in CDP, a fixed CSA in that compound is compatible with even isotropic tetrahedral reorientations of the phosphate group.
As with the variable-temperature 1 H, 2 H, and 31 P spectra, the variable-temperature 17 with protons in the bulk structure of the material. 36 Here, the more mobile protons at below the paraelectric phase transition may similarly result from exchange of bulk protons with residual/surface water, but may also be associated with defects within the sample. However, unlike the LiH 2 PO 4 study, species associated with low levels of residual water in CHP were not detected by NMR.
Discussion and Conclusions
In contrast to the 1 H, 2 H, and 31 P spectra, the 17 O NMR data for the paraelectric phase show evidence for restricted, rather than free, rotation of the phosphite groups, as coalescence of the three oxygen resonances from the three different classes of oxygen atoms is not observed even at 150 °C. Furthermore, there is no evidence in the data for a distribution of correlation times for motion (i.e., we do not observe the more mobile components). It is possible that the 17 O spin-lattice relaxation time (T 1 ) in the superprotonic phase is significantly longer than in the paraelectric phase and thus motional effects on the spectra are not observed due to saturation by the short experimental recycle delay of 1 s. Furthermore, the use of the DFS sequence during acquisition of the spectrum, which relies on population transfer from satellite transitions to the central transition, may play a role. A highly mobile component, which does not have satellite transitions, will not be enhanced by DFS as much as the other environments, and so these peaks will not benefit from this signal enhancement method. Thus, we tentatively suggest that the VT Despite this difference, both materials undergo reorientations of the tetrahedral group with apparently greater ease than they support long-range proton transport. In CHP reorientation about the P-H bond occurs with an activation energy of 0.24 ± 0.08 eV, as extracted from the estimated rotational frequency, which is substantially smaller than the activation energy of 0.74 ± 0.01 eV for long-range proton transport obtained from conductivity measurements in the temperature range 80 -120 ºC. 9 In CDP, a mean activation energy for tetrahedral group reorientation of 0.43 ± 0.05 eV was extracted, again much smaller than the value of 0.91 ± 0.05 eV obtained from conductivity measurements. 37 For the phosphate, it was further possible to 20 directly measure proton exchange dynamics, from which an activation energy of 0.70 ± 0.07 eV was determined, and an exchange rate much smaller than the tetrahedral reorientation rate was also determined. Thus, in both materials, tetrahedral group reorientation in the paraelectric phase is apparently decoupled from long-range protonic motion.
In a further similarity, the activation energy for rotation about P-O d in CDP, 0.21 ± 0.06 eV, is comparable to that for rotation about P-H in CHP (0.24 ± 0.08 eV) in their respective paraelectric phases. This, combined with the apparent decoupling of such rotations from longrange proton transport, loosely suggests that the reorientations in both cases occur without redistribution of proton positions in the structure. That is, the oxygen site exchange that occurs upon rotation about the P-H or P-O d axes may do so without any accompanying proton motion.
In such case, hydrogen bonds would be locally broken during reorientation and reformed in the same arrangement subsequent to the reorientation. The alternative, in which the proton remains attached to an oxygen atom as the latter moves into a new oxygen site (e.g., O3 and its accompanying proton moving to site O2 in CHP, Figure 1 ), would require not only that the hydrogen bond be broken during reorientation, but also the formation of hydrogen bond defects upon conclusion of the motion, 38 likely requiring a high activation energy.
Finally, two characteristics appear in CHP that do not appear in CDP. The first is rapid proton motion in a subset of the protonic species occurring at temperatures substantially below the superprotonic transition. This has been tentatively attributed to either water adsorbed on the surface of the CHP particles or other defects within the sample. However, again, we stress that we do not have any direct experimental evidence to support the presence of surface adsorbed water, other than the well-established hygroscopic nature of this material. (Table S4 , S5, S6 and Figure S3 ), additional simulations of 17 O spectra ( Figure S4 ), and illustration of proton exchange correlated with phosphite rotations ( Figure S5 ). This material is available free of charge on the Internet at http://pubs.acs.org. 17 O spectrum is simulated using the NMR parameters extracted from the DFT calculations (Table   S3) 29 Table S4 . CSA (purple and green traces, respectively). The extracted NMR parameters are summarized in Table S6 . 
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